Here, we evaluated the application of near-infrared (NIR) spectroscopy for estimating the degradation level of archeological wood samples from the Tohyamago area, the dendrochronological ages of which were also determined. The wood samples were radially cut from three logs obtained from the Tohyamago area. NIR reflectance spectra were measured from the tangential faces of air-and oven-dried wood samples using a Fourier transform NIR spectrophotometer. The second derivative spectra within the wavenumber range of 6400-5200 cm −1 , in which the effect of moisture content in wood is suspected to be insignificant, showed a characteristic behavior with age. By comparing the second derivative spectral change in our wood samples with that in wood degraded by aging, thermal treatment, fungal attack, and lightning reported in the literature, we found that the second derivative spectra of wood samples from one log was similar to those of wood degraded by hygrothermal treatment, whereas those of wood samples from another log was similar to those of wood degraded by brown-rot fungi. The physical and chemical properties of archeological wood were well predicted using a combination of partial least square regression analysis and NIR spectroscopy.
Introduction
The study of wood aging is of great importance in Japan because of its long history of wood culture. Archeological wood decomposes at an archeological site because of natural phenomena, such as biodegradation, weathering (lightning), and aging [1] . Changes in archeological wood are evident through changes in the structure and physical, chemical, and mechanical properties of wood; however, the mechanism and rate of degradation of wood components significantly depend on environmental factors. For example, in waterlogged archeological wood samples, the most important effect of decay on chemical properties may manifest as compositional change within cell walls due to hydrolysis processes that mainly involve carbohydrate compounds, with a consequent increase in the relative lignin concentration [2] [3] [4] . The life span of Japanese cypress (Chamaecyparis obtusa) wood, which is used in construction, can exceed thousands of years when unexposed to biodegradation and weathering. Factors associated with wood aging during long-term use include combined effects of thermal oxidation by air oxygen and acid hydrolysis by adsorbed/bounded water and acids contained in wood.
Rapid and accurate estimation of the degradation level of archeological wood is important as it influences the selection of optimal restoration and conservation procedures. Nearinfrared (NIR) spectroscopy is one of the best methods for this as it is rapid, inexpensive, nondestructive, and precise for evaluating molecular vibrations. The application of NIR spectroscopy in the evaluation of degradation level of wood due to aging [2] [3] [4] [5] [6] [7] [8] [9] , fungal decay [10] [11] [12] [13] [14] [15] , thermal treatment [16] [17] [18] [19] , and lightning [20, 21] has revealed that NIR spectroscopy is a promising method for monitoring chemical changes in degraded wood. Yonenobu et al. reported that compared with modern wood, the difference in the second derivative NIR spectra in archeological wood used for 1300 years under atmospheric conditions suggests that in archeological wood, hemicellulose and holocellulose is less, whereas lignin is more [5] . They also investigated the aging-associated changes in the fine structure of microfibrils in the cell wall using the deuterium exchange method [7] . Pecoraro et al. used NIR spectroscopy for evaluating the residual chemical composition of wood decayed by biotic agents when preserved for a long time in waterlogged conditions [4] . They established a highly reliable prediction model to assess the residual chemical composition of waterlogged archeological wood. Thus, the NIR second derivative spectral change is sensitive for detecting changes in the chemical structure of degraded wood.
Because the construction of a calibration model requires considerable amount of data, NIR spectroscopy is not widely used in archeological wood science in which only small number of archeological wood samples can be used. Therefore, we focused on wood samples that have been buried for a long time in the Tohyamago area. The degradation processes in archeological wood can be classified as follows: thermal oxidation, acid hydrolysis, weathering (lightening), and biodegradation [1] . Although thermal oxidation and acid hydrolysis are considered as dominant degradation processes in archeological wood samples from temples or statues [22] , all the aforementioned processes are responsible for the degradation of buried wood samples. The advantage of using buried wood samples is the possibility of using many samples, thus enabling estimation of the sample's dendrochronological age. Recently, we selectively assessed the thermal and hygro-thermal treatment times of duplex heat-treated samples from the softwood hinoki cypress (Chamaecyparis obtusa) and the hardwood Japanese zelkova (Zelkova serrata) by NIR spectroscopy with principal component analysis (PCA) and spectral-kinetic analysis. In the study, wood samples from each species were thermally or hygro-thermally treated at 120, 130, 150, and 180 °C, and the second derivative spectra of these samples in the 6300-5450 cm −1 range, where moisture content has the smallest effect, were then subjected to PCA. It is shown that calculation of the inner product between the second derivative spectra of duplex heat-treated wood and a loading vector that explained the spectral variation due to thermal or hygro-thermal treatment allowed us to selectively assess the thermal and hygro-thermal treatment times [23] .
In the present study, we evaluated the degradation level of archeological wood samples, the dendrochronological ages of which were also determined, using NIR spectroscopy. We compared the second derivative spectra of archeological wood with those of various other degraded wood samples reported in the literature for analyzing degradation history. We observed that the second derivative spectral change at the wavenumber range of 6400-5200 cm −1 highly depends on the type of degradation. Furthermore, partial least square (PLS) regression analysis was employed to predict various wood properties from NIR spectra.
Materials and methods

Samples
We collected two buried logs of Japanese cypress (NNTY99p and NNTY59a) (See Fig. 1a, b) . One modern log of the same species was used for comparison. The former ones were found as fully buried tree stems, and were recovered from a single fluvial sediment layer at a recent renovation of river banks along the River Tohyama, Nagano Prefecture, Central Japan (N35°20′ E137°57′). The area of sampling is situated in a typical collapse terrain, and ancient imperial documents (e.g., Shoku-Nihongi in the eighth century) described that a big earthquake in AD 704 or 705 caused large-scale landslides and damming of the river, geomorphologically suggesting that the logs were all deposited simultaneously. The logs were wet when excavated, lacking most part of sapwood, but having color and scent specific of hinoki heartwood. No insect galleries were found under naked-eye and microscopic observation. It is, therefore, very likely that the buried logs had been to some extent kept in a uniform condition. To obtain objective evidence for the ages, tree-ring dates, i.e., the years of outer-most ring formation, were determined by means of the standard dendrochronological method [24] . The buried and modern wood samples were successfully crossdated with the reference chronologies [25, 26] , showing that the tree-ring dates were AD 623, 683, and 2001 for NNTY99p, NNTY59a and Modern, respectively.
A total of 121 experimental specimens were prepared from the samples (68, 27, and 26 for NNTY99p, NNTY59a, and Modern, respectively). The wood samples were radially cut to obtain a tangential dimension of 10 mm (Fig. 1c) . The specimens were then cut tangentially to obtain dimensions of 5 × 10 × 100 mm 3 (radial × tangential × longitudinal) (Fig. 1d) . Each specimen contained 1-20 tree rings. The specimens were kept in room environment until their moisture content reached equilibrium condition.
NIR spectral measurement
NIR reflectance spectra were measured from the tangential face of air-dried wood samples using a Fourier transform NIR spectrophotometer (MATRIX-F, Bruker, Massachusetts; TE-InGaAs detector with a fiber optic probe with a measurement area of 7 mm 2 ) under laboratory conditions. A white plate (barium sulfate) served as the reference signal. To improve the signal-to-noise ratio, 32 scans were co-added at a spectral resolution of 8 cm −1 over the wavenumber range of 10,000-4000 cm −1 . A zero-filling of two (corresponding to a spectral interval of 4 cm −1 ) was applied. Five NIR spectral measurements were made at different positions on the tangential faces and were averaged for each sample. The dimensions and weights of the samples were measured before and after the NIR spectral measurements.
Wood property measurement
After the NIR spectral measurements, static bending tests were performed. A load was applied on the tangential faces with a load cell (SL6001, Imada SS Corp., Toyohashi). The test span was set at 92.6 mm, and the load was applied at the center. The modulus of elasticity (MOE) in bending was obtained from the load-deflection curve. After the bending test, the wood samples were left for more than a month in a desiccator with phosphorus pentoxide to ensure that the samples reached a complete dry condition. The oven-dried wood samples were removed after equilibrium was reached, and their NIR spectra, dimensions, and weights were measured. Densities and moisture contents of the air-dried wood samples were calculated from the physical dimensions and averaged mass of the air-and oven-dried samples. Thin tangential sections measuring approximately 50-100 µm were then sliced from sample blocks using a sliding microtome. The thin, oven-dried samples were extracted using benzene-ethanol (2:1 volume ratio) in a Soxhlet apparatus for 6 h and were then delignified for 4 h using the acid chlorite method. Extractive-free, lignin-free holocellulose was treated with sodium hydroxide and acetic acid, and the obtained residue was defined as α-cellulose.
PLS regression analysis
Wood properties (moisture content, air-dry density, air-dry MOE, extractive content, holocellulose content in wood and extractive-free wood, α-cellulose content in wood and extractive-free wood) were estimated from the NIR spectra of air-dried wood samples using PLS regression (PLS-R) analysis. OPUS Quant 2 software (Bruker, Karlsruhe, Germany) was used for data preprocessing and for calibrating and validating the PLS-R models. The spectra were processed using a 17-point smoothing filter and a second-order polynomial to obtain first derivatives, second derivatives, straight-line subtraction, min-max normalization, constant offset elimination, standard normal variate, and multiplicative scatter correction; their combination was applied to wavenumber regions for calculating the PLS-R models. The optimum number of PLS components was determined using leave-one-out full cross validation. Calibration and cross validation were evaluated based on the coefficient of determination (R 2 ) between predicted and measured values and root mean square error of cross validation (RMSECV), respectively. No outlier was excluded from this study. The residual prediction deviation or ratio of performance to deviation (RPD) was calculated as the ratio of two standard deviations: the standard deviation of the reference data for the validation set and the standard error of prediction from cross validation. Figure 2 shows the representative NIR absorption spectra of air-dried wood samples from each log at the wavenumber range of (1) 7500-4000 cm −1 and the second derivative spectra at the wavenumber ranges of (2) 7500-6400 cm −1 , (3) 6400-5350 cm −1 , and (4) 5350-4000 cm −1 . The absorption band characteristics of the wood samples are labeled, and their assignments are summarized in Table 1 . The assignments in Table 1 refer to data reported by Schwanninger et al. [27] . The type of degradation in wood samples that have been degraded for a long time can be estimated by comparing the second derivative spectra with the spectra acquired from other reports on the investigation of the NIR spectral change in wood caused by thermal treatment, aging in water or atmosphere, lightening, or fungal treatment. The spectral range of 6400-5400 cm −1 is sensitive for quantifying degradation as the effect of moisture content on these regions is insignificant. The second derivative spectral change with degradation of softwood reported in the literature has been summarized in Table 2 . Because of the peak intensity and position in the second derivative spectral change with the measurement (i.e., spectral resolution and step) and pretreatment (i.e., gap, segments, and method) conditions, it is possible to understand wood degradation by observing the relative increase and decrease between the peaks.
Results and discussion
Second derivative NIR spectral change between logs
The second derivative spectra of NNTY99p wood samples (green line) showed a different trend than that of NNTY59a (red line) and Modern (blue line) wood samples, as shown in Fig. 2b-d . The second derivative spectral change in NNTY99p wood samples is similar to that with hygro-thermal treatment reported by Inagaki et al. [16] . The relative increase in peak 3 in Fig. 2b , the increase in peak 9 with peak shift toward lower wavenumber, the increase in peak 11 with peak shift toward lower wavenumber, and the increase in peak 13 and the decrease in peak 12 in Fig. 2c compared with Modern wood were also observed for the second derivative spectra of hygro-thermally treated cypress, as shown in Fig. 2c , based on the report by Inagaki et al. [16] . Thus, we assumed that NNTY99p wood samples were in high-humidity or water-rich conditions for a long time. Although we compared the second derivative spectral change in NNTY99p wood samples with the second derivative spectra of thermally treated sugi wood in air-dry conditions [17] and of spruce treated by white-or brown-rot fungi [12] or lightening [20] , the specific behavior, i.e., increase in peaks 9 and 11, was found only in hygro-thermally treated cypress [16] .
The shape of the second derivative spectra of NNTY59a wood samples was similar to that of Modern wood samples despite the fact that the range of dendrochronological age was similar to that of NNTY99p wood samples. The increase at peak 10 can be clearly observed for NNTY59a compared with Modern wood samples. This behavior was also found for the second derivative spectra of spruce treated with brown-rot fungi (Coniophora puteana), as reported by Fackler et al. [12] . This change was attributed to the relative increase in lignin content. As the relative increase in peak 10 with degradation and the decrease in peak 12 with peak shift to a lower wavenumber can be found only in wood treated with brown-rot fungi in previous studies, we estimated that the NNTY59a wood had been degraded by brown-rot fungi with relatively minor degradation due to aging.
It is well known that most of the extractives disappear or degrade during thermal treatment; particularly, the most volatile but new compounds that can be extracted from wood appear, resulting from the degradation of cell wall structural components [28] . Figure 3 shows the relation between the second derivative values at peak 9 and the measured extractive contents. The measured extractive content in NNTY59a wood samples was slightly lower than that in Modern wood samples, although that in NNTY99p wood samples was in the range of 5-50%. Peak 9 at approximately 6130 cm −1 has not been assigned [27] . As the second derivative values, which correspond to the concentration of assigned functional group, at peak 9 showed a high correlation with extractive content with determination coefficient value of 0.73 as shown in Fig. 3 , this peak may be assigned to functional groups in extractives resulting from the degradation of cell wall structural components. The noticeable decrease in peak 10 (mainly assigned to first overtone of OH stretching vibration of an aromatic group in lignin and hemicellulose) and increase in peak 11 (mainly assigned to first overtone of C-H stretching vibration in lignin) observed for NNTY99p (Fig. 2c) wood samples is suspected to be due to the decomposition of hemicellulose into extractives and structural changes in lignin, consistent with the results reported by Nuopponen et al. [29] in their study investigating the FT-IR spectroscopy of Scots pine planks, which were heat-treated with steam at a temperature range of 100 °C-240 °C.
From the observation of the second derivative spectra of archeological wood samples, we could estimate that NNTY59a had been dominantly degraded by brown-rot fungi, with relatively minor degradation due to aging, resulting in the degradation of extractives and hemicellulose. This spectral change in NNTY59a wood samples is consistent with the findings of Karppanen et al. [30] who reported that brown-rot fungus radically changed the extractive concentrations of Scots pine heartwood, as shown by the decrease in the concentrations of stilbenes, resin acids, and free fatty acids. On the contrary, we estimated that NNTY99p had been exposed to high-humidity or water-rich conditions, resulting in the dominant degradation of hemicellulose and cellulose into extractives. As it is not possible to completely understand the history of these archaeological wood samples, there is the possibility that these archaeological samples have been exposed to other kinds of degradation, i.e., lightning, chemical substance intrusion into wood from the environmental. However, we can still conclude that the dominant change in the second derivative spectra of NNTY59a and NNTY99p are similar to the spectral change due to brown-rot fungi degradation and hygro-thermal treatment.
PLS prediction of the archeological wood properties
NIR spectra predicted for cross validation (solid line with closed circle) and measured wood properties (dashed line with open circle) as a function of dendrochronological age are shown in Fig. 4 (Green indicates NNTY99p, red indicates NNTY59a, and blue indicates Modern wood samples). Spectral pretreatment, regression wavenumber, R 2 , RMSECV, RPD, regression line bias, and optimum number of PLS components yielding the best R 2 are shown on the right side of each figure. For all wood properties, NIR can trace the changes that occur in wood with aging.
PLS analysis provided good regression models for moisture content of wood, with R 2 = 0.88 (Fig. 4a) . Although it the equilibrium moisture content decreases with aging or thermal treatment [1, 28] , moisture content showed higher value in NNTY59a wood samples than in Modern wood samples. The NIR second derivative peaks 2 and 15 shown in Fig. 2b, d assigned to water for air-dried NNTY59a wood samples also increased compared with those of Modern wood samples, which correspond to the higher moisture content. Karppanen et al. [30] also reported that water adsorption capacity of the fungus-decayed heartwood in Scots pine is significantly higher than that of undecayed heartwood. The air-dry density of both archeological woods (Fig. 4b ) was higher than that of Modern wood. We confirmed that the measured oven-dry density of NNTY99p and NNTY59a wood samples, which can also be well predicted from the NIR spectra, was higher than that of the Modern wood sample. Although the density of the archeological wood samples was higher than that of the Modern wood sample, their airdry MOE, which was well predicted from the NIR spectra with R 2 = 0.82, was smaller than that of Modern wood samples (Fig. 4c) . This decrease might be due to decomposition of chemical component (cellulose crystalline region), i.e., smaller amount of α-cellulose content in archaeological wood sample compared to Modern wood samples were observed as shown in Fig. 4g, h ). The determination coefficients for the chemical components were R 2 = 0.90, 0.78, 0.73, 0.76, and 0.69 for extractive content, holocellulose content in wood, holocellulose in extractive-free wood, α-cellulose content in wood, and α-cellulose content in extractive-free wood, respectively. The extractive content in NNTY59a wood samples was in the range of 5-50%, which was slightly lower than that in Modern wood samples. Holocellulose content and α-cellulose in extractive-free wood of NNTY59a were the lowest among the three types of wood log samples, corresponding to the lowest MOE for NNTY59a. This study showed that the physical and chemical properties of archeological wood samples can be traced using NIR spectroscopy. The changes in these properties between and within the wood samples can be well predicted as a function of distance in the radial direction.
PLS regression was constructed for determining the dendrochronological ages of NNTY59a and NNTY99p. For cross validation, high coefficients of determination between predicted and measured values were obtained with R 2 = 0.79 and RMSECV = 43.2 years. Figure 5 shows the relation between the dendrochronological and predicted ages, where the green and red closed circles represent NNTY99p and NNTY59a wood samples, respectively. Although the second derivative spectral change with age significantly differed, which was, therefore, expected to be more difficult to predict, the coefficients of determination obtained were good for age, physical and chemical properties, which means PLS regression analysis extracted any common spectral variation corresponding to wood parameters from archaeological wood samples.
Conclusion
The second derivative NIR spectra of air-dried archeological wood, the dendrochronological ages of which were also determined, showed specific behavior with aging. By comparing the second derivative NIR spectra at the wavenumber range of 6400-5200 cm −1 , we estimated that the main degradation in the log NNTY99p (determined dendrochronological age: AD 220) was because of long-term aging in high-humidity or water-rich conditions, although the main degradation in the other log NNTY59a (determined dendrochronological age: AD 340) was estimated to be biodegradation by brown-rot fungi. Chemical and physical properties of Modern and archeological wood samples were well predicted from the NIR spectra. Although the second derivative spectral change significantly differed with age, the PLS provided a good prediction model for dendrochronological age with RMSECV = 43.2 years for NNTY99p and NNTY59a.
